Background/Aims: Dysregulation of pre-mRNA splicing from an altered expression of RNA splice-regulatory proteins may act as the convergence point underlying aberrant gene expression changes in Alzheimer's disease (AD). Methods: Two microarray datasets from a control/AD postmortem brain cohort of 31 subjects -9 controls and 22 AD subjects (National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) database)were used. Results: Between the two microarray studies, the expression of six splice-regulatory protein genes showed concordant changes in AD. These genes were then correlated with gene expression changes of transcripts reported to be altered in AD. Amyloid beta (A4) precursor protein and tropomyosin receptor kinase B transcripts were found to correlate significantly with the same splice-regulatory proteins in the two studies. Conclusion: This study highlights a susceptibility network that can potentially link a number of susceptibility genes.
tered levels of neurotransmitter receptor expression [4] as well as dysregulation of cell signaling [5] [6] [7] , inflammatory response [8, 9] , synaptic transmission [10] [11] [12] , and cholesterol metabolism [13, 14] . At present, a complete understanding of the underlying causes of these pathogenic processes remains elusive. It is predicted that there is a common underlying process that is dysregulated in AD, which serves as a convergence point that links the multitude of dysfunctional signatures.
Alternative splicing is a widespread gene-regulatory process by which exons of primary transcripts (pre-mRNAs) are spliced into different arrangements to produce structurally distinct mRNA variants. This mechanism of gene product diversification plays a critical role in controlling cellular differentiation and development in response to environmental, temporal, or cell type-specific cues [15, 16] . It is estimated that more than 75% of genes in the human genome are alternatively spliced [17] . Dysregulation in alternative splicing has been linked to a number of human diseases including some neurodegenerative diseases (e.g. frontotemporal dementia with parkinsonism) [18] . However, in AD, few studies have investigated the link between alternative splicing dysregulation, aberrant splice-regulatory protein expression, and AD progression. In a recent study, it has been found that generation of the tropomyosin receptor kinase B (TrkB) alternative transcript TrkB-Shc is regulated by the serine/arginine protein Srp20, and that biochemical manipulation of its expression in neuronal cell lines and exposure of cells to amyloidogenic factors could modulate TrkB pre-mRNA splicing and TrkB-Shc expression [19] . In other dementias, alterations in the levels of splice-regulatory protein expression have been shown to affect alternative splicing in frontotemporal dementia with parkinsonism. For instance, in humans, alterations in adult-specific tau exon 10 splicing have been demonstrated to lead to abnormal ratios of tau isoform expression [20] [21] [22] . Considering that one splice-regulatory protein is capable of regulating the splicing of multiple pre-mRNAs, it is hypothesized that dysregulation of pre-mRNA splicing from the altered expression of key splice-regulatory proteins in AD may underlie the aberrant changes in gene expression in multiple AD-affected pathways during disease progression.
Materials and Methods

Datasets
The hippocampal CA1 microarray datasets derived from postmortem brain tissue from a total of 31 subjects -9 controls and 22 AD subjects -of varying AD severity (n = 7 incipient, n = 8 moderate, and n = 7 severe) were obtained from the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) database (Affymetrix GeneChip (HG-U133A); accession GDS810 [23] and GSE28146 [24] ). Cohort demographics are listed in table 1 .
To determine whether there are changes in splice-regulatory protein gene expression during AD progression, expression profiles of all genes involved in RNA splicing were collated from the GDS810 microarray. Genes that were statistically significant by one-way analysis of variance (ANOVA) with a p value <0.05 or showed a trend towards statistical significance with a p value range between 0.05 and 0.1 were then mined from the GSE28146 microarray.
Considering that a specific group of genes were to be assessed, all gene expression profiles were included, even those with low expression.
Statistical Analysis
Statistical analyses were conducted using Statistica 7 (StatSoft Inc., 2000, Statistica for Windows). One-way ANOVA was conducted to assess changes in gene expression during AD progression. ANOVAs were followed up with the Fisher LSD post hoc analysis to assess significance in gene expression between AD severity groups. Pearson's product moment correlations were used to determine whether any relationship existed between splice-regulatory protein gene expression and the expression of AD susceptibility genes. A p value <0.05 (twotailed) was considered statistically significant.
Results
In this current report, two publically available microarray datasets from a control/AD hippocampal brain cohort from the NCBI GEO database (Affymetrix GeneChip (HG-U133A); accession GDS810 [23] and GSE28146 [24] ) were utilized. In both studies [23, 24] , the expression of genes significantly altered in AD was classified into functional categories and biological pathways of the gene ontology consortium (www.geneontology.org). However, a specific category for genes involved in RNA splicing was not described and genes involved in RNA splicing were likely grouped into other gene ontology categories. Thus, to determine whether genes involved in RNA splicing are altered during AD progression, genes whose gene products are known to be involved (either directly or indirectly) in RNA splicing were screened.
GDS810 Microarray
The GDS810 microarray published by Blalock et al. [23] assessed gene expression changes in the hippocampal CA1 subfield from a total of 31 subjects -9 controls and 22 AD subjectsof varying AD severity. A total of 22,286 genes were tested and of these, 499 were involved in RNA splicing. Of the 499 genes, only 45 were found to be altered from the incipient stage of AD to the severe stage ( table 2 ) . Specifically, 6 of the 45 genes identified were significantly changed in subjects with incipient AD. Interestingly, hnrnpA3 was the only gene that showed a significant decrease in expression, whereas NUDT21, LSM5, hnrnpUL1, RBM8A, and RBMY1J were significantly increased in expression. In subjects with moderate AD, the expression of 18 genes was found to be significantly altered compared to controls. Of these, 5 genes were significantly decreased, whereas 13 genes were significantly increased. In subjects with severe AD, 21 genes were found to be significantly changed compared to controls. Of these, 6 genes showed a significantly reduced expression, whereas 15 showed a significantly increased expression.
It is worth noting that while 45 genes were found to be significantly altered during AD progression, the expression of 34 genes trended towards statistical significance (one-way ANOVA: 0.05 < p < 0.1) ( table 3 ) . Of these, 11 were decreased in expression and 23 were increased in expression.
GSE28146 Microarray
In the GSE28146 microarray published by Blalock et al. [24] , grey matter of the hippocampal CA1 subfield was selectively isolated using laser capture microdissection from the same subjects and analyzed for gene expression changes. Using this dataset, the expression of splice-regulatory proteins that were significantly altered or showed a trend towards statistical significance in AD in the GDS810 microarray was screened to determine whether changes in gene expression were specific to the grey matter. Of the 45 genes that were significantly changed throughout the course of AD in the GDS810 microarray study, only QKI, PTBP1, and SFPQ were significantly altered in the GSE28146 microarray ( table 4 ). Of the 34 genes that trended towards significance in the GDS810 microarray study, SRSF7, SFRS16, and YTHDC1 were found to be significantly changed in the GSE28146 study. It was next determined whether the splice-regulatory proteins found to be significantly altered in both the GDS810 and GSE28146 microarray studies correlated in their gene expression pattern over the disease duration. Interestingly, QKI and SRSF7 were the only two genes showing concordance ( table 5 ) .
Gene Expression Correlations between Splice-Regulatory Proteins and AD Susceptibility Genes
Next, it was determined whether changes in splice-regulatory protein expression found to be significant in both the GDS810 and GSE28146 microarray studies correlated with gene expression changes of various transcripts reported to be altered in AD. These included progranulin (GRN), microtubule-associated protein tau (MAPT), presenilin-1 (PSEN1), presenilin-2 (PSEN2), presenilin enhancer protein 2 (PSENEN), amyloid beta (A4) precursor protein (APP), apolipoprotein E (APOE), TrkB (NTRK2), and brain-derived neurotrophic factor (BDNF) [25] [26] [27] [28] [29] . While the expression of most transcripts correlated with expression levels of the splice-regulatory proteins in their respective studies, only APP and TrkB tran- scripts correlated significantly with the same splice-regulatory proteins in the two studies ( tables 6, 7 ). Two APP transcripts showed significant positive correlations with YTHDC1, whereas one transcript showed a negative correlation. The TrkB transcripts showing significant correlations with splice-regulatory protein expression were those encoding the C-terminal truncated TrkB isoform TrkB-TK-. TrkB-TK-transcripts correlated negatively with SRSF7 and SFRS16 but positively with SFPQ expression throughout AD progression.
Discussion
In the two microarray datasets utilized in this study, most changes in gene expression were found to occur during the moderate to severe stages of AD, periods coinciding with gross pathological brain changes and cognitive decline [30] , whereas fewer changes occurred during the incipient stage of AD. Interestingly, of the 45 splice-regulatory proteins whose gene expression was found to be significantly altered in the GDS810 microarray study, only 6 were significant in the GSE28146 study; moreover, these significant changes in gene expression occurred during the incipient stages of AD. This finding suggests that changes in splice-regulatory protein expression may occur in the grey matter early in the disease process, prior to gross pathological brain changes. Indeed, when the GDS810 and GSE28146 microarrays were assessed to determine whether those splicing proteins found to be significantly altered in both microarray studies correlated in their gene expression pattern over the disease duration, QKI and SRSF7 were the only two genes showing concordance. The lack of concordance in splice-regulatory protein expression between the two microarray studies suggests that the majority of gene expression changes in the GDS810 study were likely influenced by changes in the white matter, which was largely excluded by the laser capture microdissection in the GSE28146 study.
Relationship between Splice-Regulatory Proteins and AD Susceptibility Genes
When it was assessed whether the expression of splice-regulatory proteins found to be significantly altered in AD correlated with the expression levels of AD susceptibility genes, significant correlations in APP and TrkB-TK-transcripts throughout AD progression in both the GDS810 and GSE28146 microarray studies suggest that changes in gene expression may be primarily influenced by changes in the grey matter, which is consistent with the cellular expression of APP (expressed primarily in neurons and glia and to a lesser extent in endothelial cells) and TrkB-TK-(expressed principally by astrocytes and to a lesser extent by neurons) [31] [32] [33] . The APP transcripts showing a significant correlation with YTHDC1 were targeted by pan probes, whereas the TrkB transcripts showing significant correlations with SRSF7, SFRS16, and SPQF were targeted by probes specific for the transcript variant encoding TrkB-TK-. These findings suggest that YTHDC1 may be involved in regulating constitutive splicing of the APP pre-mRNA rather than regulating alternative splicing of specific exons. The TrkB-TK-transcript variant encodes a TrkB protein isoform truncated at the C terminus and in comparison to the full-length receptor, and thus cannot partake in classical receptor tyrosine kinase signaling [34] [35] [36] . This is due to alternative exon splicing of the pre-mRNA where exon 16 is incorporated into the final transcript. Exon 16 encodes a translation stop codon and polyadenylation sequence; thus, transcripts are differentially regulated posttranscriptionally [34, 36] . The finding that TrkB-TK-transcript levels correlated with the same splice-regulatory proteins significantly altered in both microarray studies implicates these splice-regulatory proteins as potential regulators of TrkB-TK-expression. In particular, SRSF7 has previously been demonstrated to be a regulator of tau alternative splicing [20] . Abnormal ratios of tau isoforms 3R and 4R (imperfect repeats of approximately 32 amino acids in the microtubule-binding domain) lead to tau aggregation and neurofibrillary tangle formation. The generation of tau isoforms 3R and 4R is determined by alternative mRNA splicing of exon 10 [20] [21] [22] , and point mutations in the splice-regulatory region affecting SRSF7 binding have been shown to modulate inclusion/exclusion of tau exon 10 [20] . In both the GDS810 and GSE28146 microarray studies, the probes targeted to MAPT transcripts (gene encoding tau) were not specific for exon 10 detection, thus no significant correlation between changes in SRSF7 and MAPT expression was found. However, MAPT expression is likely to be regulated by additional mechanisms. Considering that SRSF7 was one of only two splice-regulatory proteins to be significantly and positively correlated between the two microarray studies and is significantly correlated with TrkB-TK-transcript levels in the two studies, the findings reported here implicate SRSF7 as a potential regulator of TrkB pre-mRNA splicing in the production of TrkB-TK-alternative transcripts in the grey matter. The lack of concordance between SFRS16 and SPQF gene expression changes between the GDS810 and GSE28146 microarray studies suggests that these two splice-regulatory proteins may function in regulating TrkB-TK-transcript levels in the white matter.
Conclusion
Dysregulation in splice-regulatory protein gene expression can adversely affect alternative splicing and gene expression of a number of cellular processes. The findings reported in this study offer mechanistic insight into how aberrant changes in alternative transcript expression may occur in AD and highlight a susceptibility network -splice-regulatory proteins -which can potentially link a number of susceptibility genes/pathways.
